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ReseaRch aRticle

Comprehensive Genomic Analysis  
of Rhabdomyosarcoma Reveals a  
Landscape of Alterations Affecting  
a Common Genetic Axis in Fusion-Positive 
and Fusion-Negative Tumors
Jack	F.	Shern1,	Li	Chen1,	Juliann	Chmielecki3,4,
Jun	S.	Wei1,	Rajesh	Patidar1,	Mara	Rosenberg3,
Lauren	Ambrogio3,	Daniel	Auclair3,	Jianjun	Wang1,
Young	K.	Song1,	Catherine	Tolman1,	Laura	Hurd1,
Hongling	Liao1,	Shile	Zhang1,	Dominik	Bogen1,
Andrew	S.	Brohl1,	Sivasish	Sindiri1,	Daniel	Catchpoole9,
Thomas	Badgett1,	Gad	Getz3,	Jaume	Mora10,
James	R.	Anderson6,	Stephen	X.	Skapek7,
Frederic	G.	Barr2,	Matthew	Meyerson3,4,5,
Douglas	S.	Hawkins8,	and	Javed	Khan1

abstRact Despite gains in survival, outcomes for patients with metastatic or recurrent 
rhabdomyosarcoma remain dismal. In a collaboration between the National Cancer 

Institute, Children’s Oncology Group, and Broad Institute, we performed whole-genome, whole-exome, 
and transcriptome sequencing to characterize the landscape of somatic alterations in 147 tumor/
normal pairs. Two genotypes are evident in rhabdomyosarcoma tumors: those characterized by the 
PAX3 or PAX7 fusion and those that lack these fusions but harbor mutations in key signaling pathways. 
The overall burden of somatic mutations in rhabdomyosarcoma is relatively low, especially in tumors 
that harbor a PAX3/7 gene fusion. In addition to previously reported mutations in NRAS, KRAS, HRAS, 
FGFR4, PIK3CA, and CTNNB1, we found novel recurrent mutations in FBXW7 and BCOR, providing 
potential new avenues for therapeutic intervention. Furthermore, alteration of the receptor tyrosine 
kinase/RAS/PIK3CA axis affects 93% of cases, providing a framework for genomics-directed thera-
pies that might improve outcomes for patients with rhabdomyosarcoma.

SIGNIFICANCE: This is the most comprehensive genomic analysis of rhabdomyosarcoma to date. 
Despite a relatively low mutation rate, multiple genes were recurrently altered, including NRAS, KRAS, 
HRAS, FGFR4, PIK3CA, CTNNB1, FBXW7, and BCOR. In addition, a majority of rhabdomyosarcoma 
tumors alter the receptor tyrosine kinase/RAS/PIK3CA axis, providing an opportunity for genomics-
guided intervention. Cancer Discov; 4(2); 1–16. ©2014 AACR.
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iNtRODUctiON
Rhabdomyosarcoma is a myogenic cancer that is the most 

common soft-tissue sarcoma of childhood (1). With the 
development of multimodal chemotherapy regimens, relapse-
free survival rates have improved to 70% to 80% in patients 
with localized disease, albeit with significant toxicity (2). 
Unfortunately, despite aggressive therapy, the 5-year survival 
rate for patients with metastatic disease remains only 30% (3). 
Currently, rhabdomyosarcoma tumors are classified by his-
tology into two major subtypes, alveolar rhabdomyosarcoma 
and embryonal rhabdomyosarcoma, which have distinct 

molecular and clinical profiles. Alveolar rhabdomyosarcoma 
carries a poor prognosis and tends to occur in adolescents. 
Genetically, alveolar rhabdomyosarcoma is defined in the 
majority of cases by a characteristic fusion between the PAX3 
or PAX7 and FOXO1 genes (reviewed in ref. 4). The embryonal 
rhabdomyosarcoma subtype typically affects younger chil-
dren and portends a good prognosis when localized. Previous 
reports have identified a wide range of genetic aberrations in 
embryonal rhabdomyosarcoma, including LOH at 11p15.5 
(5) as well as mutations in TP53 (6), NRAS, KRAS, HRAS (7), 
PIK3CA, CTNNB1 (8), and FGFR4 (9).
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Despite an increasing understanding of the molecular mech-
anisms underlying these tumors, few novel agents have made 
their way past early-phase clinical trials, and gains in survival 
have mainly been made through optimization of a cytotoxic 
chemotherapy regimen (10). Further characterization of the 
genetic events underlying this tumor type is critical to the devel-
opment of more effective diagnostic, prognostic, and thera-
peutic strategies. Here, we report a collaborative effort between 
the National Cancer Institute (Bethesda, MD), the Children’s 
Oncology Group (Philadelphia, PA), and the Broad Institute 
(Cambridge, MA) using a combination of whole-genome 
sequencing (WGS), whole-exome sequencing (WES), and whole-
transcriptome sequencing (WTS) along with high-resolution 
single-nucleotide polymorphism (SNP) arrays to characterize 
the landscape of somatic alterations in 147 tumor/normal 
pairs. Our findings describe the landscape of genetic events 
that occur in rhabdomyosarcoma and provide a map for future 
studies of targeted molecular therapies for this tumor type.

ResUlts
A set of 44 rhabdomyosarcoma tumors with matched nor-

mal leukocyte DNA was sequenced with paired-end WGS and 
served as a discovery set. WGS generated an average of 294 
gigabases (Gb) of sequence per sample to a mean depth of 
105×. This depth of coverage allowed high-quality calls cover-
ing 97% of the genome (Supplementary Table S1). To extend 
and validate our findings, we also performed WES and high-
resolution SNP arrays on 103 additional tumors and their 
matched germlines (147 tumors in total, with clinical data 
summarized in Supplementary Table S2). Eighty of the tumors 
were analyzed by WTS, allowing us to evaluate the expression 
changes associated with the observed genomic alterations.

PAX Gene Rearrangements in 
Rhabdomyosarcoma Tumors

As expected, the defining genomic alteration seen across 
the entire cohort was recurrent t(2;13) or t(1;13) that resulted 
in a fusion of the N-terminus of PAX3 or PAX7 to the 
C- terminus of FOXO1 (refs. 11, 12; 35 had PAX3–FOXO1 and 
15 had PAX7–FOXO1; Fig. 1A and B). The fusions discovered 
in WGS or WTS were confirmed by reverse transcription PCR  
(RT-PCR) when adequate RNA was available. In addition to 
these classic fusions, three tumors that were histologically 
classified as alveolar rhabdomyosarcoma, but did not have the 
classical PAX3/7–FOXO1 fusion by RT-PCR, were found to have 
alternative PAX fusions as detected by WGS or transcriptome 
sequencing. Cases RMS235 and RMS2031 harbored a PAX3–
NCOA1 fusion that resulted from an intrachromosomal rear-
rangement previously described as having similar oncogenic 
properties as the PAX3–FOXO1 (13). We also uncovered a novel 
PAX fusion in a region of massive rearrangement of chromo-
some 2q in RMS2046 (Fig. 1C and 2A). This rearrangement 
resulted in a fusion of the N-terminus of PAX3 (first seven 
exons) and the C-terminus of INO80D, a subunit of the ATP-
dependent chromatin remodeling complex. RNA sequencing 
of RMS2046 showed in-frame expression of the novel fusion 
transcript (Fig. 2B). Unsupervised clustering using the WTS 
data showed clear separation between tumors that harbored 
the rearrangement of a PAX gene from those that did not. 

Of note, the tumors with the alternative PAX gene fusions 
clustered closely to the other alveolar rhabdomyosarcoma that 
harbored the classic PAX3/7–FOXO1 fusion expression profiles 
(Fig. 2C). Besides the three tumors that carried a novel PAX 
gene rearrangement, within this group there were seven addi-
tional fusion-negative alveolar histology tumors that had no 
PAX gene alteration but had a somatic mutation and expres-
sion profile that was more consistent with embryonal tumors 
(Fig. 2D and Supplementary Fig. S1A–S1D).

Recurrent Chromosomal Structural 
Rearrangement in Rhabdomyosarcoma

Beyond the rearrangement of the PAX3/PAX7 genes, WGS 
identified 553 somatic structural variations affecting 419 
genes in 44 rhabdomyosarcoma tumor genomes (Supple-
mentary Table S3). High-resolution SNP arrays corroborated 
90% of high-confidence structural variations when a copy-
number change was present (see Methods). Forty-eight genes 
were recurrently affected by structural variations, including 
genes previously implicated in rhabdomyosarcoma pathology 
(MIR17HG, CNR1, and CDKN2A; refs. 14–16), tyrosine kinase 
signaling (ERBB4, RPTOR, FRS2, and CACNA1A), and mus-
cle development (NRG1 and FOXP2; Supplementary Table 
S4). Frequently (341 of 553; 61%), junction events occurred 
in areas of complex rearrangement or tandem duplications 
most often associated with regions of high copy-number 
amplification. Ten percent of the junctions were predicted 
to result in deletions. When a junction event occurred at the 
DNA level between two genes, a fusion transcript was pro-
duced at the RNA level 19% (55 of 296) of the time. Among 
these events, fusion of the PAX genes accounts for one third 
of the fusion transcripts and no additional recurrent fusions 
were detected (Supplementary Table S3).

Presence or Absence of a PAX Gene Fusion Defines 
Two Distinct Tumor Genotypes

Of note, when PAX gene fusion-positive (PFP) tumors 
were compared with PAX gene fusion-negative (PFN) ones, 
we found a significantly increased mutation burden in the 
PFN population (Fig. 3A). On average, PFN tumors had 
significantly more verified somatic nonsynonymous muta-
tions per tumor than PFP tumors (17.8 and 6.4, respectively; 
P = 2 × 10−4). In contrast to the PFP samples, the PFN samples 
had an overall increase in aneuploidy (P = 1 × 10−5; Fig. 3B). 
One remarkable PFP tumor (RMS224) from a 3-month-old 
patient had no protein-coding somatic alterations with the 
exception of the PAX3–FOXO1 fusion and copy-neutral LOH 
on chromosome 11p (Fig. 1B). Interestingly, both of the PFP 
and PFN genotypes seemed to have a distinct relationship 
between mutational frequency and age, with an increasing 
number of somatic mutations with older age of diagnosis and 
a steeper slope of curve in PFN tumors (Fig. 3C).

Genes Recurrently Affected by Mutation  
in Rhabdomyosarcoma

In total, we identified 542 somatic mutations (including 
missense, nonsense, splice site, and small insertions/deletions) 
altering 495 genes (40 recurrent) in the discovery set of 44 
tumors (Supplementary Table S5); 58% of these alterations 
were predicted to be deleterious by Sorting Tolerant from 
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Figure 1. Circos plots of representative rhabdomyosarcoma tumors. Circos plot tracks representing verified somatic mutations, from outside circle; 
mutated genes missense mutations (black), nonsense and indel mutations (red); genomic location, genome wide copy-number alterations (gray), lesser 
allele frequency (green) LOH (dotted track), density of heterozygous SNPs (orange) homozygous SNPs (blue). Intrachromasomal rearrangements (inner 
circle gray) and interchromasomal rearrangements (inner circle red). A, NCI-40: a PAX7–FOXO1 translocation noting the associated high-level copy-
number gain. This tumor also has high-level copy-number gain of MYCN on chromosome 2. B, RMS224: representative PAX3–FOXO1 fusion with no 
somatic point mutations. Note LOH on short arm of Chr11p. C, RMS2046: multiple rearrangements on chromosome 2 with corresponding junctions and 
copy-number changes. This rearrangement produces a novel gene fusion of PAX3–INO80D. D, RMS216: representative PFN rhabdomyosarcoma. Note 
relative increase in point mutations, including NRAS mutation on chromosome 1, and increase in aneuploidy, including gain of chromosome 8. Complete 
LOH on chromosome 10 and the short arm of chromosome 11. E, RMS2030: multiple genome-wide alterations in a tumor with TP53 mutation. Point 
mutation of FGFR4 on chromosome 5.
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Intolerant (SIFT) analysis (17). These genes were selected for 
further verification and validation across the entire cohort and 
ranked using recurrence, background mutation rate, gene size, 
and nonsynonymous:synonymous ratio (Table 1). The list con-
tained genes previously reported as altered in rhabdomyosar-
coma, including HRAS, KRAS, NRAS (7), FGFR4 (9), PIK3CA, 
and NF1 (18), as well as genes not previously implicated in 
rhabdomyosarcoma such as FBXW7 and BCOR (Fig. 4).

Receptor Tyrosine Kinase/RAS/PIK3CA Mutations 
Predominately Affect PFN Tumors

Mutations affecting the receptor tyrosine kinase/RAS/
PIK3CA pathway were the most common mutations observed 
in the study. Alterations in the RAS genes, NRAS (representa-
tive genome; Fig. 1D; PFN frequency, 11.7%), KRAS (PFN 

frequency, 6.4%), and HRAS (PFN frequency, 4.3%) affected 
the oncogenic codons 12, 13, or 61 and were predominantly 
found in the embryonal rhabdomyosarcoma subtype as pre-
viously described (19); however, one tumor (RMS2051) with 
“fusion-negative” alveolar rhabdomyosarcoma histology car-
ried an NRAS mutation. No RAS mutations were found in 
PFP tumors. Mutations in immediate effectors of RAS were 
also found, including alterations in the tumor suppressor 
NF1 (PFN, 5.3% mutated; 17q11.2; LOH, 9%; Supplementary 
Fig. S2) and one tumor with an oncogenic mutation in BRAF 
at codon V600E (RMSS013). PIK3CA mutations (PFN, 7.4%) 
occurred at the known oncogenic codons Q546 or H1047, 
affecting the helical and the kinase domain, respectively. Inter-
estingly, two samples (RMS2028 and RMS217) had concur-
rent mutation of PIK3CA and a RAS family gene. Despite a 
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Figure 2. Rearrangement of chromosome 2 in RMS2046 produces PAX3–INO80D fusion. A, WGS junctions. Purple lines represent tail-to-head junc-
tion, green lines show head-to-tail junction (possibly tandem duplication), and orange lines show tail-to-tail junction or head-to-head junction (inversion). 
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Figure 3. Fusion-positive and fusion-negative rhabdomyosarcoma have distinct genotypes. A, number of protein-coding mutations in fusion-positive 
tumors (red) and fusion-negative tumors (blue). B, significant difference in the number of aneuploid chromosomes between fusion-positive tumors (red) 
and fusion-negative (blue) tumors. C, age at diagnosis versus genome-wide mutations in fusion-positive (red) versus fusion-negative (blue). SNV, single-
nucleotide variant.
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predilection for embryonal rhabdomyosarcoma tumors (6 
of 7), one fusion-positive alveolar rhabdomyosarcoma tumor 
(RMS244) also harbored a mutation in PIK3CA. Direct effec-
tors of phosphoinositide 3-kinase (PI3K) were also found to be 
altered, including a predicted damaging mutation in PIK3CD 
(RMS2107) and homozygous deletion of PTEN (RMS2117). 
Across the whole population, several tyrosine kinase genes 
were found to be recurrently mutated, including FGFR4 (PFP, 
0%; PFN, 9.6%), PDGFRA (1.4%), and ERBB2 (1.4%).

Mutations of Cell-Cycle Genes and  
Other Key Pathways

Genes that control the cell cycle were also frequently 
mutated in the study population. FBXW7, an E3 ubiquitin 
ligase, was mutated in 7.4% of PFN tumors. All mutations 
in this gene occurred in the PFN subtype at conserved 
arginine residues (R387P, R441G, and R367P) within the 
WD40 repeat regions involved in substrate recognition. 
Mutations in the WNT signaling molecule CTNNB1 are 
known drivers in colorectal cancer and medulloblastoma 
and have recently been described in rhabdomyosarcoma 
(8). In this study, we found three tumors (PFN 3%) with 
alterations at the known oncogenic codons S33 (n = 1) and 
T41 (n = 2), one of which occurred in a fusion-negative 
alveolar rhabdomyosarcoma tumor. Somatic mutation of 
TP53 occurred exclusively in PFN tumors (PFN, 5.3%; rep-
resentative genome; Fig. 1E), and 12% of all tumors had 
LOH of 17p13.1, which includes TP53 (Supplementary Fig. 
S2). One patient (RMS212) was found to have a germline 
pathogenic mutation in TP53 at R248 (Supplementary 
Fig. S3A–S3C). Other mitotic cell-cycle checkpoint genes 
were mutated at low frequencies, including BUB1B (1.4%), 
FOXM1 (1.4%), CCND1 (1%), and CCND2 (1%). A notable 
finding was the recurrent alteration of BCOR, located on 
chromosome Xp11.4, in 7% of all rhabdomyosarcoma cases. 
Among these alterations in BCOR, nine were found in 
PFN tumors (seven mutations, two focal homozygous dele-
tions), and one small indel was found in a PFP tumor (Table 
1 and Supplementary Fig. S4).

RNA Sequencing Highlights  
Expression of Candidate Oncogenes

To further enrich the analysis for potential oncogenes 
and targetable mutations, we performed mutational analy-
sis of the RNAseq data of 80 tumors (29 PFP and 51 PFN) 
to determine which of the somatic mutations found at 
the DNA level were also expressed in the transcriptome. 
Fifty-eight percent of the verified somatic mutations dis-
covered at the DNA level had evidence of RNA expression 
(Supplementary Fig. S5A and S5B). Each tumor harbored 
a median of five expressed somatic mutations (range, 0–26; 
PFN median, nine mutations; PFP median, 2.5 mutations; 
Supplementary Table S6). Thirty-three genes were found to 
recurrently harbor expressed mutations, including PTPN11 
(0 PFP vs. 2 PFN; ref. 20), the DNA repair gene ATM (2.5%; 
1 PFP vs. 1 PFN), BRCA1-interacting protein ZNF350 (2.5%; 
1 PFP vs. 1 PFN), and MYCN-interacting protein TRPC4AP 
(2.5%; 0 PFP vs. 2 PFN). In addition, we discovered expressed 
singleton mutations in FOXO1 and ARID1A (Fig. 5A) not pre-
viously observed in rhabdomyosarcoma. By Gene Ontology, 
the expressed mutations were markedly enriched for genes 
involved in cell cycle (P = 2e−6), protein phosphorylation 
(P = 6.9e−5), DNA damage (P = 1.3e−4), muscle cell differen-
tiation (P = 3.3e−4), regulation of mitogen-activated protein 
kinase (MAPK) activity (P = 3.3e−4), chromatin modification 
(P = 9e−4), and induction of apoptosis (P = 2.8e−3; Supple-
mentary Table S7). Many of the tumors seemed to accumu-
late multiple genetic hits within these pathways (Fig. 5B).

Copy-Number Alterations
To evaluate somatic copy-number alterations (CNA) 

important in rhabdomyosarcoma, high-resolution (2.5 or 5 
million) SNP array analyses were performed on all tumors, 
and recurrent focal amplifications and deletions were ana-
lyzed by frequency in the study population (Supplementary 
Fig. S6). LOH of 11p15.5 was found in 50% (16 PFP vs. 59 
PFN) of the surveyed tumors. The minimum common region 
of overlap encompassed a region of 11p15.5 (Supplementary 

table 1. Genes with significant frequency of somatic mutation across 147 rhabdomyosarcomas

Gene WGS WES

Rhabdomyo
sarcoma	

	recurrence

Rhabdomyo
sarcoma	

frequency
PFP		

recurrence
PFP		

frequency
PFN		

recurrence
PFN		

frequency FDR
NRAS 4 7 11 7.5% 0 0 11 11.7% 5.10e−09

FGFR4 3 6 9 6.1% 0 0 9 9.6% 3.15e−12

PIK3CA 3 5 8 5.4% 1 1.9% 7 7.4% 5.86e−10

BCOR 3 5 8 5.4% 1 1.9% 7 7.4% 2.11e−08

FBXW7 3 4 7 4.8% 0 0 7 7.4% 2.11e−08

KRAS 3 3 6 4.1% 0 0 6 6.4% 5.51e−06

TP53 1 4 5 3.4% 0 0 5 5.3% 5.51e−06

NF1 3 2 5 3.4% 0 0 5 5.3% 2.06e−03

HRAS 2 2 4 2.7% 0 0 4 4.3% 1.12e−05

Abbreviation: FDR, false discovery rate.
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Fig. S7) that includes the paternally imprinted gene IGF2. 
Further evidence of insulin receptor signaling alterations in 
rhabdomyosarcoma were observed with focal amplification 
of IGF1R in 2.7% (1 PFP vs. 3 PFN) of cases (Supplementary 
Fig. S8A; ref. 21) and one somatic indel in the 3′-untrans-
lated region of IGF2 (RMS2037; Supplementary Table S5). 
Consistent with previous reports, 9.7% of the tumors dis-
played amplification of chromosomal region 12q13-q14, 
which has been shown to be associated with worse overall 
survival in rhabdomyosarcoma independent of gene fusion 
status (22). The 12q13-q14 amplicon was found predomi-
nantly in PFP tumors (12 PFP vs. 1 PFN). The minimum 
amplicon size (Supplementary Fig. S8B) included 25 genes, 
including the cyclin-dependent kinase gene CDK4. Recur-
rent focal amplification of 12q15 (9%; Supplementary Fig. 
S8C) that encompassed the genes FRS2 and MDM2 occurred 
predominantly in PFN tumors (9 PFN vs. 1 PFP). Amplifica-
tion of 2p24 involving MYCN (5%) occurred predominantly 
in PFP tumors (8 PFP vs. 1 PFN; Supplementary Fig. S8D); 
amplification of the PAX7–FOXO1 fusion gene occurred in 
12/15 PAX7–FOXO1 tumors (Supplementary Fig. S8E), and 
amplification of 13q31-32 including the MIR17HG locus 
occurred exclusively in PFP tumors (4.5%; Supplementary 
Fig. S8F). Homozygous deletion of the tumor suppressor 
CDKN2A was found in 3% of samples, and LOH at this locus 

(9p21.3) occurred in 9% (1 PFP vs. 13 PFN) of the study pop-
ulation. This allelic loss rate was lower than the previously 
reported frequency of 25% (15). As previously described (23), 
recurrent gain of chromosome 8 was seen in 46% of the PFN 
population. Other chromosome level events included recur-
rent gains of chromosomes 2, 7, 11, and 13 and the recurrent 
loss of chromosomes 1p, 9, and 16 (Supplementary Fig. S9).

Pathway Analysis Integrating Mutations,  
Copy-Number Changes, and Structural Variations 
Implicates Alteration of FGFR Signaling

To identify dysregulated pathways relevant to rhabdomyosa-
rcoma pathology, analysis incorporating structural variations, 
copy-number changes, and somatic mutations found in the 
WGS discovery set was performed. Using the 2,119 genes found 
to be somatically altered in the discovery cohort (Supplemen-
tary Table S8), Reactome (24) overrepresentation analysis indi-
cated that fibroblast growth factor receptor (FGFR) signaling 
was the most significantly altered pathway (P = 4.6 × 10−5), with 
29 of 112 candidate genes represented. Remarkably, mutations 
in this pathway (Fig. 6A) were found in 88% of PFN samples 
(22 of 25 tumors) that were analyzed by WGS. When examined 
separately, the genes altered in PFP tumors (435 of 2,119) were 
not significantly enriched in any canonical pathways.

Figure 4. The genomic landscape of pediatric rhabdomyosarcoma (RMS) highlighting candidate alterations. Demographic characteristics, histologic 
subtypes, and selected genes with copy-number alterations or somatic mutations across 147 rhabdomyosarcoma cases. Unique sample identifier and 
sequencing platform. Sex, males in blue, females in pink. Age, years at diagnosis divided into fewer than 5 years and greater than 5 years. Histologic diag-
nosis, red, alveolar rhabdomyosarcoma (ARMS); blue, embryonal rhabdomyosarcoma (ERMS) including spindle and botryoid subtypes; gray, rhabdomyosar-
coma not otherwise specified (NOS). Mixed alveolar and embryonal histology in green. Copy-number gains and losses for selected genes. Blue, losses; red, 
gains; green, LOH. Selected genes with somatic mutations. Purple, fusion protein; black, missense; orange, nonsense/splice site/indel mutations.
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PAX3–FOXO1 Model System Reveals Alteration 
of a Common Genetic Axis in Fusion-Positive and 
Fusion-Negative Tumors

Of note, several genes found altered in PFN tumors, includ-
ing MYOD1, MET, CNR1, and FGFR4, are known downstream 
targets of PAX3 and PAX3–FOXO1 (P = 1.54 × 10−3; ref. 25), 
leading us to hypothesize that mutations in PFN tumors 
may be enriched for genes regulated downstream of the PAX 
fusion proteins. To experimentally test this hypothesis, we 
constructed a human fibroblast cell line stably expressing 
PAX3–FOXO1 (cell line 7250_PF) and used expression arrays 
to compare it with the isogenic control (26). This analysis 
identified 444 genes that had greater than 4-fold change 
when PAX3–FOXO1 was expressed. Top upregulated genes 
included multiple genes that were found to be mutated in 
PFN tumors, such as FGFR4, CCND2, and IGF2 (Supplemen-
tary Table S9). As confirmation of the model system, these 
differentially expressed genes were also overrepresented in 

the 76 genes recently reported as PAX3–FOXO1 targets 
(P = 1.7 × 10−3) by using chromatin immunoprecipitation 
sequencing (ChIPseq; ref. 27). Remarkably, the 2,119 somati-
cally altered genes identified in our WGS samples were 
significantly enriched in the differentially expressed genes 
modulated by PAX3–FOXO1 in the fibroblast cell line experi-
ment using gene set enrichment analysis (GSEA; P = 3 × 10−3; 
Fig. 6B). The observed enrichment was more prominent for 
the mutated genes from PFN tumors (P = 7 × 10−3) than 
those from PFP samples (P = 0.08). To further validate 
this hypothesis, we repeated GSEA analyses using published 
data derived from a transgenic mouse model expressing the 
PAX3–FOXO1 fusion gene in the developing forelimb or 
somites (28). Consistent with our in vitro results, mutated 
genes in the PFN tumors were significantly enriched in both 
the forelimb and somite datasets (P = 0.001 and 0.01; Fig. 
6C and D), whereas there was no enrichment for those in 
the PFP tumors (P = 0.159 and 0.543). A set of 116 common 
genes, including FGFR4, was found in the leading edge of all 

Figure 5. Expressed mutations in 80 rhabdomyosarcoma tumors. A, candidate somatic alterations found to be expressed in WTS and the discovered 
genes ranked by frequency. Top, the number of expressed mutations by sample; blue, PFN; red, PFP. The color (yellow to red) of the mark represents 
the variant allele frequency (VAF) with many mutations appearing to favor the mutant allele. The size of the circle is proportional to the fragments per 
kilobase of transcript per million mapped reads (FPKM). B, Gene Ontology analysis of the expressed mutations reveals multiple alterations of cell cycle, 
cellular response to stress, protein amino acid phosphorylation, response to DNA damage stimulus, microtubule-based movement, chromosome organiza-
tion, muscle cell differentiation, regulation of MAPK activity, mitotic cell-cycle checkpoint, chromatin modification, induction of apoptosis by intracellu-
lar signals, organelle localization, regulation of RAC protein signal transduction, and regulation of transferase activity. Many tumors seem to accumulate 
multiple mutations in the same pathway (blue = 2; black = 3 or more).
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three PAX-fusion model systems in the GSEA analyses (Sup-
plementary Table S10).

DiscUssiON
To our knowledge, this study represents the most com-

prehensive characterization reported to date for the genomic 
alterations that underlie rhabdomyosarcoma. We found that 
subcategorization by the presence or absence of a PAX gene 
fusion more accurately captures the true genomic landscape 
and biology of rhabdomyosarcoma than the traditional alveolar 
rhabdomyosarcoma/embryonal rhabdomyosarcoma histologic 
distinction. This finding is consistent with the clinical obser-
vation that the presence or absence of a PAX3/7–FOXO1 gene 
fusion is a crucial prognostic indicator in this disease (29, 30) 
and that fusion-negative alveolar rhabdomyosarcoma seems 
to mimic the clinical course of embryonal rhabdomyosarcoma 
in the majority of patients (23). Despite this, our findings indi-
cate that there is a subpopulation of fusion-negative alveolar 

rhabdomyosarcoma that harbor a rearrangement of the PAX3 
gene with a cryptic partner, a finding that may have important 
clinical ramifications for the proper therapeutic stratification 
of patients.

Overall, the low somatic mutation rate that we observed 
is consistent with large sequencing efforts of other pediat-
ric solid tumors and presents an enormous correlative and 
clinical challenge (31–34). In rhabdomyosarcoma, this was 
particularly evident in tumors that harbored a translocation 
oncogene (0.1 protein coding changes per megabase). This 
finding underscores the importance of the PAX gene fusion 
as the dominant driver in this subtype, which through its 
transcriptional reprogramming alters a host of downstream 
targets. However, it is important to note that multiple 
genetic model systems have shown that PAX3–FOXO1 by 
itself cannot cause rhabdomyosarcoma and that a coex-
isting genetic lesion is necessary (35, 36). Experimentally 
validated cooperating lesions in a mouse model of alveolar 
rhabdomyosarcoma include TP53 and INK4a/ARF loss (37). 

Figure 6. A, gene interaction map of Reactome pathway analysis that discovers alteration of FGFR signaling as the most altered pathway. Twenty-two 
of 25 fusion-negative tumors alter at least one gene in the pathway. B, GSEA enrichment plot of altered genes in fusion-negative rhabdomyosarcoma 
tumors versus altered genes in the PAX3–FOXO1-expressing model cell line (7250_PF) with enrichment scores plotted for each gene moving down the 
ranked list of genes. Genes altered in the 7250_PF cell line show significant enrichment in the fusion-negative tumors (FDR q-value = 0.004). GSEA 
enrichment plot of the altered genes in published mouse models of PAX3–FOXO1 in C, somite cells (FDR q-value = 0.009) and D, forelimb cells (FDR 
q-value 0.0009). FDR, false discovery rate.
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Our data demonstrate that most commonly the cooperating 
event is due to genetic amplification (such as MYCN, CDK4, 
and MIR-17-92) or deletion (CDKN2A, LOH of Chr11p15.5), 
and only in rare cases can an additional candidate somatic 
driver mutation be nominated. In contrast, fusion-negative 
tumors seem to have accumulated a higher degree of aneu-
ploidy and mutational burden at the time of clinical pres-
entation.

Despite the relatively low mutation rate, rhabdomyosa-
rcoma tumors do harbor a significant array of alterations, 
including chromosomal rearrangement, amplification, dele-
tion, and mutation of recurrent drivers and novel candidate 
therapeutic targets. Many of the genetic alterations identified 
in this study, including FGFR4, IGF1R, PDGFRA, ERBB2/4, 
MET, MDM2, CDK4, and PIK3CA, are targeted by approved 
or late-stage therapeutics that could immediately inform 
clinical trials in rhabdomyosarcoma (Fig. 7). In this study, 
we found that the RAS pathway (including FGFR4, RAS, NF1, 
and PIK3CA) is mutationally activated in at least 45% of PFN 
tumors. Although directly targeting constitutively active RAS 

remains challenging, the recent success of the MAP–ERK 
kinase 1/2 (MEK1/2) inhibitor trametinib in melanomas 
with mutated NRAS demonstrates the utility of inhibiting the 
effector pathways altered by the mutation (38). Early preclini-
cal evidence has found efficacy of this method in rhabdomy-
osarcoma (39), and further efforts to precisely dissect the RAS 
effector pathways that are critical in rhabdomyosarcoma are 
currently under way.

A novel finding in this study is the discovery of recurrent 
mutations in BCOR affecting 7.4% of PFN tumors. BCOR is a 
transcriptional repressor that has been shown to interact with 
both class I and II histone deacetylases (40), and somatic muta-
tions in BCOR have been described in other pediatric tumors 
including acute myeloid leukemia (32), retinoblastoma (33), 
and medulloblastoma (34). Our discovery of its recurrent 
alteration in rhabdomyosarcoma reinforces this chromatin 
modifier (41) as a potential therapeutic target. Further func-
tional validation of the discovered mutations in BCOR, FBXW7, 
ARID1A, ZNF350, TRPC4AP, and others may provide targets 
for novel treatments in patients with rhabdomyosarcoma.  

Figure 7. Model pathway altered in rhabdomyosarcoma. Genes colored red are found in fusion-positive tumors, whereas genes colored blue are found 
in tumors without a PAX gene fusion. Alterations and their frequency in the population include mutations and small indels (M), copy number deletions and 
amplifications (C), or structural variations (S) that affect the gene.
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Incorporation of the discovered genes into prospective, well-
annotated clinical trials will be crucial in extending these 
findings’ utility as therapeutic biomarkers.

Despite the challenges of low frequency of recurrence, 
the genetic study of pediatric cancer provides remarkable 
insight into the likely drivers of tumorigenesis by reduc-
ing the background of passenger mutations that naturally 
occur during aging. The observation that PFP and PFN 
genotypes seem to have a distinct relationship between 
mutational frequency and age, with a steeper slope in the 
PFN tumors, may have interesting implications. This find-
ing suggests that PFN tumors require the accumulation of 
mutations before presentation, whereas malignant trans-
formation of PFP tumors requires few somatic alterations 
beyond the occurrence of the fusion gene. This observa-
tion may also be due to differences in the respective tumor 
types’ cell of origin, proliferation, and apoptotic rate, or an 
underlying DNA repair deficit. Our observation that 58% of 
the verified somatic mutations discovered at the DNA level 
had evidence of RNA expression is a higher proportion than 
the 36% rate observed in adult cancers such as breast cancer 
(42) or lymphoma (43), and may reflect an enrichment of 
driver mutations or the presence of fewer accumulated pas-
senger mutations in these pediatric patients. In many cases, 
the expression of a mutated gene seems to be relatively 
increased and favors the variant allele. This finding, at least 
in theory, provides tractable genetic targets against which 
therapies could be developed.

Finally, our integrative analysis demonstrates that 
despite remarkable genetic and molecular heterogeneity, 
rhabdomyosarcoma tumors seem to hijack a common 
receptor tyrosine kinase/RAS/PIK3CA genetic axis. This 
occurs through two alternative mechanisms—either by rear-
rangement of a PAX gene or accumulation of mutations 
in genes that are downstream targets of the PAX fusion 
protein. Evidence for alteration of this common genetic 
axis can be found in 93% (41 of 44) of the tumors surveyed 
by WGS and seems to hinge on the fibroblast and insulin 
receptor pathways. These observations are consistent with 
previous proteomic studies of rhabdomyosarcoma (44, 45) 
and warrant continued biologic investigation and pharma-
cologic targeting of this axis as crucial to expanding the 
available therapeutic options. In conclusion, we report here 
the most comprehensive analysis of the genomic landscape 
of rhabdomyosarcoma to date. Our discoveries provide 
a rational framework for new avenues of translational 
research, including molecular subclassification and devel-
oping novel therapeutic strategies for children suffering 
from rhabdomyosarcoma.

MethODs
Sample Selection

All patient sample collection was approved by the Institutional 
Review Board of the participating facility. Samples were assembled 
from collections at the Pediatric Oncology Branch of the National 
Cancer Institute, Children’s Oncology Group, the Tumour Bank at 
The Children’s Hospital at Westmead (Westmead, NSW, Australia), 
and the Department of Oncology, St. Joan de Deu De Barcelona 
(Barcelona, Spain). All tumors were collected at initial diagnosis 

and before any therapy, with the exception of samples NCI0040 and 
NCI0080 that were collected at relapse. Samples were deidentified 
and histologic diagnosis and clinical information were compiled. 
The selected tumors were >70% tumor:normal tissue on histology 
review when available. Quality control genotyping for the whole-
genome samples was performed to ensure the match of tumor– 
normal pairs.

Nucleic Acid Extraction and Whole-Genome Amplification
DNA was isolated from 10 to 25 mg of tumor or 1 mL of whole 

blood using the QIAamp DNA Mini Kits (Qiagen) or Agencourt 
Genfind v2 Kits (Bechman Coulter), respectively, according to the 
manufacturer’s protocol. For WGS, approximately 6 μg (range, 
5–10 μg) of native genomic DNA was sequenced according to 
the Complete Genomics method (46). Whole genome–amplified 
genomic DNA using high-fidelity Phi29 polymerase (Qiagen REPLI-
g) was used for the whole-exome validation cohort according to 
the manufacturer’s protocol (Qiagen). Quantification of DNA was 
performed using the Quanti-iT DNA assay (Life Technologies). 
Each DNA sample was examined by electrophoresis on a 1% agarose 
gel to ensure high quality. RNA extraction was accomplished with 
the Qiagen RNeasy Micro Kits according to the manufacturer’s 
protocol (Qiagen).

Calculation of Background Mutation Rate
The background mutation rate was calculated using the 

method described by Zhang and colleagues (47). Briefly, the 
background mutation rate is the silent mutation rate in coding 
regions adjusted by silent-to-nonsilent ratio [estimated to be 
0.350 by The Cancer Genome Atlas (TCGA) Consortium] across 
the coding regions.

Small-Variant Discovery for WGS
Small variants, including single-nucleotide variants and indels, 

were called using cgatools (http://cgatools.sourceforge.net/docs/ 
1.6.0/) in build hg19. Somatic variants were determined first by 
comparison of the tumor with matched leukocyte normal DNA. 
To remove artifacts specific to the sequencing platform, we elimi-
nated any somatic variants also found in normal subjects other 
than patients with rhabdomyosarcoma [50 in-house normal samples 
and 69 Complete Genomics samples (http://www.completegenomics 
.com/public-data/69-Genomes/)]. The Somatic Score (refs. 48–50; 
http://info.completegenomics.com/rs/completegenomics/images/
Cancer_Application_Note) is based on a Bayesian model and takes 
account of read depth, base call quality, mapping/alignment prob-
abilities, and measured priors on sequencing error rate for both the 
germline variants and the tumor variants. Using an independent plat-
form (SOLiD exome sequencing) for verification of somatic variants 
from the WGS, we found an optimal balance between sensitivity and 
specificity by selecting variants with somatic score ≥0 (Supplemen-
tary Fig. S10A and S10B). Finally, small variants within regions that 
have significant similarity to other regions in the genome, taken from 
the “Self Chain” track of UCSC genome browser (http://genome 
.ucsc.edu/cgi-bin/hgTracks?org=human), were removed, as they are 
likely due to mapping errors.

The somatic variants were then annotated using ANNOVAR (51), 
which details the synonymous/nonsynonymous nature of the altera-
tion, the corresponding amino acid alteration, as well as the presence 
or absence of the alteration in the Single Nucleotide Polymorphism 
Database (dbSNP) 135 and 1000 Genome Project. SIFT (http://sift.jcvi 
.org/www/SIFT_chr_coords_submit.html) and Polyphen (http://genet-
ics.bwh.harvard.edu/pph2/bgi.shtml) scores were used to determine the 
potential impact of an SNP variant. Oncotator (http://www.broadinsti-
tute.org/oncotator/) was used to add cancer-specific annotations from 
the Catalogue of Somatic Mutations in Cancer (COSMIC) and TCGA.
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Verification of WGS-Predicted Somatic Mutations
Verification of small variants with somatic score no less than 0 

predicted by WGS was accomplished by comparing overlapping 
exome sequencing that was carried out on 30 of 44 tumor samples. 
Each somatic position was examined for the identical change as well 
as coverage in the exome sequencing data. Verification of the muta-
tion was called when greater than 3 exome reads supported the WGS 
read. Additional site verification was performed with barcoded DNA 
libraries made from the 44 WGS tumors using a designed Custom 
AmpliSeq Cancer Panel and AmpliSeq Library Kit 2.0 with sequenc-
ing on the Ion Torrent Personal Genome Machine. Multiplex PCR 
library preparation, emulsion PCR (ePCR) template preparation, and 
semiconductor sequencing were performed according to the manu-
facturer’s protocol. Sequencing generated 868 Mb high-quality bases 
with average amplicon coverage of 206×. Using this method, sensi-
tivity is calculated at 84% (assuming the small variants reported by 
Complete Genomics WGS includes all the true positive variants) and 
a specificity at 93%. Additional verification of mutations reported 
in Fig. 1 and Table 1 was accomplished by PCR amplification of 
genomic DNA using a uniform annealing temperature of 65°C fol-
lowed by standard Sanger sequencing and analysis using Sequencher 
4.10 software (Gene Codes Corporation).

Copy-Number Discovery from WGS
The Complete Genomics copy-number segments (based on 2-kb 

window) profile was used to call amplifications (≥5 copies) and 
homozygous deletions. CNAs were divided into two groups: (i) focal 
amplification or deletions less than one arm in length; and (ii) whole-
arm or whole-chromosome events.

Junction Discovery
On the basis of the high-confidence junction reports for the tumor 

sample and the paired germline sample, we called the somatic junc-
tions as those present only in tumor samples. Somatic junctions 
that are present in other normal samples (50 in-house germline 
samples and 69 Complete Genomics baseline germline samples) were 
removed to reduce systematic artifact. Comparison of the predicted 
somatic junctions with the corresponding SNP array copy-number 
data shows that 90% of the junctions had changes in copy-number 
state or allelic ratio at the predicted break point.

Circos Plots
Circos plots were generated for each sample using the Circos 

plotting software provided by Complete Genomics (http://www 
.completegenomics.com/analysis-tools/cgatools), with in-house cus-
tomized modifications.

RT-PCR of PAX–FOXO Gene Fusion
We determined the PAX3–FOXO1 or PAX7–FOXO1 fusion status 

using RT-PCR of tumor RNA, using specific oligonucleotide primers 
according to the published method (52).

RNA Sequencing
PolyA selected RNA libraries were prepared for RNA sequencing 

on Illumina HiSeq2000 using TruSeq v3 chemistry according to 
the manufacturer’s protocol (Illumina). Hundred bases–long paired-
end reads were assessed for quality and reads were mapped using 
CASAVA (Illumina). The generated FASTQ files were used as input 
for TopHat2 (53). Using SAMtools (http://samtools.sourceforge 
.net/), the produced BAM files were compared with the sites found 
somatically mutated in DNA, and total coverage and variant allele 
frequency (VAF) were calculated. Expressed fusion transcripts were 
detected by tophat-fusion 0.1.0 (54) and deFuse 0.4.3 (55) with hg19 
human genome assembly.

RNAseq Expression Analysis and  
Unsupervised Clustering

Cufflinks (http://cufflinks.cbcb.umd.edu/; ref. 56) was used to 
assemble and estimate the relative abundances of transcripts mapped 
with TopHat2 at the gene and transcript level (FPKM). FPKM values 
were log2 transformed. Samples were clustered on the basis of Ward’s 
algorithm based on Euclidean distance.

SOLiD Exome Sequencing and Data Analysis
We constructed sequencing libraries and performed target enrich-

ment by using the Agilent SureSelect Human All Exon Kits designed 
to target 37.8-Mb regions of all human exons according to the 
manufacturer’s instructions (Agilent). The PCR-amplified libraries 
were sequenced on SOLiD 4 systems using the 50 × 35 bp paired-end 
sequencing protocol (Applied Biosystems). Sequencing was used to 
evaluate 120 tumor–normal pairs for coding sequence alterations. An 
average of 3.3 Gb of nonredundant sequence was mapped on-target 
per sample to hg19 using BFAST version 0.7.0a (57). Duplicates were 
removed using Picard (http://picard.sourceforge.net/command-line-
overview.shtml); normal–tumor BAM files were used as input for 
GATK version 2.1-11 (http://www.broadinstitute.org/gatk/; refs. 58–
60). Local realignment and base quality recalibration were performed 
using default parameters. SNPs and indels were called using GATK  
UnifiedGenotyper (http://www.broadinstitute.org/gatk/gatkdocs/org_ 
broadinstitute_sting_gatk_walkers_genotyper_UnifiedGenotyper 
.html). Variants that passed quality score greater than 50 coverage in 
tumor and normal greater than 10, VAF in the tumor greater than 
15% and VAF in normal of 0% were further annotated with ANNOVAR, 
SIFT, PPH2, and COSMIC.

Illumina Exome Method
Tumor and tumor DNA (100 ng) underwent shearing, end repair, 

phosphorylation, and ligation to barcoded sequencing adaptors. The 
ligated DNA was size-selected for fragments between 200 and 350 bp. 
This prepared DNA underwent exome capture using SureSelect v2 
Exome bait (Agilent). Captured DNA was multiplexed and sequenced 
on Illumina HiSeq flow cells. Exome analysis was performed using 
Broad Institute pipelines (61, 62). MuTect and MutSig algorithms 
were used to call somatic mutations and determine statistical signifi-
cance, respectively.

Comparison of PFP Mutation Rate  
with PFN Mutation Rate

We hypothesized that there are fewer somatic nonsynonymous 
mutations in PFP than in PFN rhabdomyosarcoma (Fig. 3). To test 
this hypothesis, we compared the number of verified somatic non-
synonymous mutations in PFP with that in patients with PFN rhab-
domyosarcoma. A random permutation test (RPT) was performed by 
permuting the group label of the patients, to avoid any assumption 
of the unknown distribution of the number of mutations as well as 
the bias brought by the assumption. The summary statistic is defined 
as the between-group variability divided by the within-group variabil-
ity, to measure the difference between the two patient groups while 
considering the variability within each patient group.

Quantifying the Relation between  
Mutational Frequency and Age

We observed that the PFP and PFN rhabdomyosarcoma have 
distinct but consistent relationships between mutational fre-
quency and age (Fig. 3C). Therefore, we applied linear regression 
to model the relationship between the number of WGS single-
nucleotide variants (dependent variable) and the corresponding 
age at diagnosis (exploratory  variable) for patients with PFP 
(16 patients with age information) and PFN (24 patients with age 
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information),  respectively. The goodness of fit of each linear regres-
sion model is measured via the t test on the Pearson correlation 
coefficient between the mutation number reported by WGS and 
that predicted from the linear regression model (one-tailed test 
due to the preknown positive correlation).

Method of Determining Statistically Significant Genes
The 621 genes harboring small variants with somatic score no 

less than 0 in the WGS study were applied to the exome validation 
samples (103 total tumor–normal pairs—90 SOLiD/13 Illumina). 
Included in the recurrence calculation is any small variant that was 
called using the aforementioned SOLiD or Illumina GATK analysis 
pipeline. Total recurrence was then calculated as the number of 
mutations in a gene in the WGS data in addition to the WES data. 
Ranking of this gene list was done by using the binomial method 
reported by Wei and colleagues (63) to calculate the significance of a 
gene mutation. This method considers the recurrence of mutation in 
the observed gene, the length of the gene coding region, and the back-
ground mutation rate as well as the synonymous:nonsynonymous 
ratio. Significant genes were selected on the basis of false discovery 
rate (FDR) ≤ 0.05 (64).

SNP Array
Illumina Omni 2.5M (97 paired plus 30 unmatched tumors) or 5M 

(10 paired samples) were performed according to the standard proce-
dure from the manufacturer (Illumina) at the National Cancer Insti-
tute (NCI), Cancer Genomics Research Laboratory. When available, 
matched normal:tumor paired arrays were analyzed. For copy-number 
analysis, the row data were processed and normalized in Illumina 
GenomeStudio (http://www.illumina.com/Documents/products/
technotes/technote_infinium_genotyping_data_analysis.pdf). Final 
reports were exported and imported into Nexus BioDiscovery (http://
www.biodiscovery.com/downloads/pdfs/SimplifyingDataInterpre 
tationWithNexusCopyNumber.pdf) software in paired mode. In 
Nexus, the data were corrected for GC content and segmented by 
using SNP-FASST2. Frequency across the whole population and 
according to the fusion status was analyzed using the Significance 
Testing for Aberrant Copy number (STAC) algorithm (65). High copy 
amplicons were plotted using the row probe level log relative ratios.

Pathway Analysis
Reactome pathway analysis (http://www.reactome.org/) was per-

formed as previously described (24). Overrepresentation analysis of 
the somatically altered genes was performed. Fisher exact test was 
used to calculate a P value determining the probability that the asso-
ciation between the genes in the dataset and the observed pathway 
is explained by chance alone. Further gene interaction analysis was 
performed through the use of Ingenuity Pathway Analysis (IPA; 
Ingenuity Systems; www.ingenuity.com). Functional analysis was 
performed in which the biologic functions most significant to the 
dataset were extracted. A right-tailed Fisher exact test was used to 
calculate a P value determining the probability that each biologic 
function assigned to that dataset is due to chance alone.

Association between the Genes Altered in PFN 
Rhabdomyosarcoma and the PAX–FOXO1-Binding Genes

We observed that many genes frequently altered in fusion-negative 
rhabdomyosarcoma tumors are PAX–FOXO1-binding genes. To test 
whether the overlap between these two gene groups is by chance or 
not, we compared the genes with somatic mutations, copy-number 
amplification, copy-number homozygous-deletion, or structural vari-
ants (1,957 genes reported by WGS) in 25 fusion-negative rhabdomy-
osarcoma tumors to the genes recently reported as significantly 
altered in a chromatin precipitation identification of PAX3–FOXO1-

binding sites (76 genes reported in Cao; ref. 27). Fisher exact test was 
performed to assess the association between these two gene groups 
and P = 4.5 × 10−3, rejecting the null hypothesis (the significance 
threshold is set as 0.05). This result indicates that the genes altered 
in patients with PFN rhabdomyosarcoma are significantly associated 
with the PAX–FOXO1-binding genes.

7250_PF Cell Line
The stably transfected cell line expressing PAX3–FOXO1 was con-

structed as previously described from the parent cell line CRL7250 
(American Type Culture Collection; refs. 26, 66). The cell lines 
were validated by the Division of Cancer Epidemiology and Genet-
ics, National Cancer Institute, by using short-tandem repeat DNA 
finger printing. The expected expression of the PAX3–FOXO1 fusion 
oncogene was evaluated with RT-PCR (Supplementary Fig. S11). 
All cells were grown in 85% Dulbecco’s Modified Eagle Medium 
(DMEM) with 300 μg/mL of G418 and 10% FBS under identical 
conditions, and harvested at 80% to 85% confluency. Total cellular 
RNA was purified using the Qiagen AllPrep Mini Kit according to 
the manufacturer’s protocol. Microarray expression analysis was 
performed using the Human Genome U133 Plus 2.0 array (Affyme-
trix), and the data were normalized together using Robust Multi-
array Average (RMA; Affymetrix). This generates expression values 
for each probe in log2 space. We then calculated the absolute value 
of the relative fold-change score (Supplementary Table S8) as the 
following: absolute value [(7250_PF RMA signal) − (7250_PF Nil 
RMA signal)]. These values were further analyzed using the GSEA 
algorithm (see method below; http://www.broad.mit.edu/gsea/).

Mouse Model of PAX3–FOXO1 Expression 
in Somite or Forelimb

Expression data for PAX3–FOXO1 expression in mouse somite and 
forelimb were derived from the experiments previously described (28).

GSEA Analysis
To test whether somatically altered genes in fusion-negative rhab-

domyosarcoma overlap with genes downstream of fusion-positive rhab-
domyosarcoma, we performed GSEA (67) on three PAX gene fusion 
model systems. Gene expression from each model system was ranked 
according to absolute fold-change expression over the corresponding 
control. GSEA analysis (http://www.broadinstitute.org/gsea/index.jsp) 
was performed using default parameter settings. P values were calcu-
lated on the basis of Kolmogorov–Smirnov statistic with RPT.
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